The in vitro phosphorylation by [yS2P]ATP of a 34-kDa plasma membrane-associated protein (pp34) from tomato and potato is strongly enhanced in the presence of a-1,4-D-polyga~acturonic acid (PGA) fragments (Farmer, E. E., Pearce, G., and Ryan, C. A. (1989) Proc. Natl. Acad. Sei. U. S. A. 86, [1539] [1540] [1541] [1542] ) that activate the expression of defensive and developmental genes in plant tissues.
[ySBS]ATP, but not [-p36S ]GTP, has now been found to strongly label pp34 in the presence of the PGA fragments. PGA-enhanced phosphorylation of pp34 is a t one or more threonine residue(s) and therefore is the product of a serinetthreonine kinase. a-1,4-~-Polyguluronic acid (PGU) enhances thiophosphorylation of pp34, but is less effective than PGA. B-1,4-~-Polymannuronic acid (PMA) is inactive. In vivo synthesis of proteinase inhibitors in tomato leaves in response to PGA, PGU, and PMA parallels enhancing activities in in vitro phosphorylation assays. The minimum oligogalacturonide lengths that enhance in vitro thiophosphorylation of pp34 are about 14-15 residues, which are near the minimum sizes of uronides required to elicit a variety of localized defensive and developmental responses in plants. The lengths of biologically active galacturonic acid oligomers are of the same length that form strong intermolecular complexes in solution with Ca2+. Uronide-Ca" complexes are proposed to be the active molecular species that initiate the signal transduction pathways regulating uronide-responsive genes. Protein phosphorylations, mediated by serine/threonine kinases, have been implicated in a variety of signal transduction and regulatory systems in plants including the control of state-transition in photosynthesis (I), phytochrome (2), RNA polymerase I1 activity (3), blue light reception (4), plasma membrane H' ATPase activity (5), the activity of a number of important metabolic enzymes in plants (reviewed in Ref. 6) , viroid pathogenesis (7), and, more recently, in the activation of inducible defensive genes by oligosaccharide elicitors (8-10).
Oligogalacturonate fragments derived from the pectic cot ponents of plant cell walls are among the earliest signalil molecules released during pathogen attacks that activate broad spectrum of defensive genes in plant tissues (11, 1: Oligogalacturonides also regulate processes leading to ma phological changes in cultured plant tissues (13, 14) , indica ing that the fragments may also play important roles in pla: development. Although much is known of the responses plants that are induced by oligouronides (11, 12) little known of the biochemistry of their involvement in sign transduction networks.
Recently we observed that oligogalacturonides enhancc the in vitro phosphorylation of at least three proteins plasma membranes purified from the leaves of tomato a1 potato (8). One of these phosphoproteins, of M, -34,0( (pp34), was rapidly phosphorylated in the presence of olig galacturonides by [ Y -~~P I A T P (8). These results providc initial biochemical evidence that a protein kinase activity mr be involved in signaling pathways initiated by oligouronidc Protein phosphorylation and dephosphorylation reactiol have also been identified in soybean cultures during tl elicitation of phytoalexins (antibiotics) by a partially purifif fungal 8-glucan elicitor (9). The P-glucan elicitor has bet shown to bind tightly and specifically to a plasma membran enriched fraction of soybean cells (15), although no relatio: ship of the receptor to protein kinase activity was demo! strated or implied. Cumulative results from a number laboratories suggest that polysaccharide elicitors may intera with cells through receptor-mediated signal transduction sy tems. The possibility exists that such interactions may involl protein phosphorylations as very early events in defense gel signaling mechanisms. More recently, a proteinaceous elicit1 fraction, obtained from cell walls of the fungus Phytophthor was shown to alter the in vivo phosphorylation patterns of number of polypeptides in suspension cultured parsley cel (10). While a role for protein phosphorylation in signalil mechanisms has not been directly established, some of tl phosphorylated proteins may be involved in the regulation parsley defensive genes. In our continuing studies to elucidate the possible involv ment of protein phosphorylations in regulating defense gel expression by oligouronide signal molecules derived from tl plant cell walls, we herein examine the chemical nature of tl amino acid(s) phosphorylated in pp34 and the size and typ of oligouronides that can enhance the phosphorylation of th protein. The minimum length of galacturonides required 1 enhance in vitro phosphorylation of pp34 is established, ar a variety of polyanions, polycations, and other polysacch rides are also examined as possible enhancers of the pho phorylation of pp34. The activities of the various molecub tested in the in vitro phosphorylation system strongly corr late with their elicitor activities in uiuo. These results, togeth'
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with previously known properties of oligouronides in solution, have provided the basis for a hypothesis that intermolecular complexes between oligogalacturonides of DP' = 10 or higher with Ca2+ may comprise structures that interact with the plasma membranes of plant cells to signal initial events that regulate the expression of specific plant genes.
EXPERIMENTAL PROCEDURES
Isolation of Plasma Membranes-Plasma membranes were isolated from 10-to 15-day-old tomato plants (Lycopersicon esculentum L.
var. Castlemart) grown under 17-h days (250 pE/mz/s light, 27 "C) and 7-h nights (18°C) and from 1-2-month old potato plants (Solanum tuberosum L. var. Russet Burbank), grown under 16-h days (250-300 pE/m2/s light, 27 "C) and 8-h nights (21 T ) . Plasma membranes from the leaves of both plants were isolated by the previously modified (8), two-phase partition method of Yoshida et al. (16) . Protein was assayed with the bicinchoninic acid reagent (Pierce Chemical Co.) after precipitatingproteins in 7.5% trichloroacetic acid and washing the pellet with 10% trichloroacetic acid. Bovine serum albumin was used as a standard. Vanadate-sensitive ATPase activity was determined according to Hodges and Leonard (17) except that the reaction mixture contained 0.015% Triton X-100 (v/v). Inosine 5"diphosphatase activity that developed after incubation of the membranes at 4 "C for 3 days was determined according to Hodges and Leonard (17) . Cytochrome oxidase and antimycin A-insensitive cytochrome reductase were measured according to Hodges and Leonard (17) .
In Vitro Phosphorylation/Thwphosphrylation-Plasma membranes were phosphorylated or thiophosphorylated in the buffer system previously described (8, 18). Phosphorylation-thiophosphorylation reactions were initiated by addition of [y-32P]ATP, [y-"SI ATP, or [y-36S]GTP (Du Pont-New England Nuclear) of various specific activities. In all cases, unless otherwise stated, 0.2 pg of uronide or other glycan or polyion was added to phosphorylation/ thiophosphorylation reactions. Phosphorylation reaction mixtures were incubated for 5 min at 30 "C and were terminated by precipitation of protein with trichloroacetic acid. Thiophosphorylation reactions were for 10 min at 30 "C and were terminated by the addition of gel electrophoresis sample buffer and boiling for 2 min. Labeling of pp34 with 35S was determined by laser densitometry of autoradiographs normalized to bands nominally unaffected by the presence of various polyions.
Gel Electrophoresis and Electroblotting-Phosphoproteins and thiophosphoproteins were analyzed by electrophoresis in 10% polyacrylamide-SDS gels. Molecular weights were estimated from standard proteins. Optimal electroblotting conditions for phosphorylated pp34 onto PVDF membranes (Immobilon-P; Millipore Corp., Bedford, MA) were established by varying the levels of MeOH and SDS in a standard Tris glycine buffer system. Several phosphorylated proteins did not blot well unless both SDS and MeOH were excluded from the blotting buffer. Phosphoproteins were electroblotted at 4 ' C in precooled (4 'C) buffer containing 193 mM glycine, 25 mM Tris for 3.5 h at 50 V at 4 "C. After blotting, PVDF membranes were washed three times for 2 min in H20, air-dried, and exposed to film (Kodak XAR). Radioactive bands of interest were excised and analyzed for their phosphoamino acid content.
In some experiments, ice-cold ethanol (90 pl) was added to 10 pl of potato leaf plasma membrane (30 pg of protein) in 10 mM potassium phosphate buffer, pH 7.6, containing 0.5 M sorbitol. The mixture was briefly vortexed and cooled on ice for 15 min. Protein was precipitated by centrifugation at 10,000 X g for 15 min at 4 "C. The supernatant was removed and the pellet dried as rapidly as possible (-3 min) under reduced pressure. The pellet was resuspended by vortexing in 60 pl of phosphorylation buffer (20 mM MES, pH 6.5, containing 10% (v/v) glycerol, 5 mM MgC12, 1 mM MnS04, 0.1 mM CaCI2, and 0.4% (w/v) octaethylene glycododecyl ether (Calbiochem)). This suspension was shaken for 10 min a t room temperature and centrifuged at 4 "C for 15 min at 10,000 X g. The supernatant was thiophosphorylated in the presence or absence of PGA as detailed above. Proteins were precipitated with 8% (w/v) trichloroacetic acid prior to electrophoresis.
The abbreviations used are: DP, degree of polymerization; PMA, /%1,4-poly-D-mannuronic acid; PGA, a-1,4-poly-D-galacturonic acid; PGU, a-1,4-poly-~-guluronic acid PVDF, polyvinylidene difluoride; SDS, sodium dodecyl sulfate.
Phosphoamino Acid Analysis-Proteins, phorphorylated in the presence and absence of PGA, were electroblotted on PVDF membranes wetted with MeOH, rinsed in HzO, and hydrolyzed in 200 pl of 5.7 N HCl (19). Hydrolysates were dried in Vacuo and two-dimensional separation of phosphoamino acids was carried out according to Cooper et al. (20) on 160-pm plastic-backed cellulose sheets (Eastman Kodak 13255). Protein hydrolysates were dissolved in 5 pl of acetic acid/formic acid/HzO (78:25:897) containing 1 mg/ml O-phospho-L-serine, 0-phospho-L-threonine, and 0-phospho-L-tyrosine (Sigma) as nonradioactive standards. One to two pl of protein hydrolysate was spotted onto the thin-layer plate and subjected to electrophoresis in the same solvent at 1 kV for 60-65 min. After electrophoresis, plates were dried in air and subject to thin-layer chromatography in isobutyric acid/0.5 M NH40H (5:3). The plates were then air-dried for 3 h, sprayed with ninhydrin (0.2% in acetone) to detect standard amino acids, and exposed to Kodak XAR film.
Preparation of Oligo-and Polyuronides-Tomato leaf PGA, having an average DP of -20, was isolated as described previously (21), and the average size was confirmed by total carbohydrate (22) and end group analyses (23). Individually sized oligogalacturonides of DP 2-20 were isolated from citrus PGA (98% pure, Sigma) after limited enzymic digestion with a fungal endopolygalacturonase. One g of PGA was suspended in water (100 ml) and adjusted to pH 4.5 with NH40H. Four units of Rhizopus pectinase (Sigma) were added to the solution which was stirred at room temperature for 2 h then boiled for 5 min. The digestion products were chromatographed on DEAESephadex A-25 to resolve oligomers of DP 2-9 by the method of Jin and West (24) . Columns were monitored for total carbohydrate by the phenol/sulfuric acid assay of Dubios et al. (22) . Fractions containing larger, unresolved oligomers were pooled and rechromatographed as above on QAE-Sephadex (25), but employing a shallow gradient of 250-500 mM sodium bicarbonate. Fractions from this column were lyophilized and analyzed individually by polyacrylamide gel electrophoresis in gels containing 15% acrylamide and 5% N,N" methylenebisacrylamide. The gel buffer and electrode buffers contained 89 mM Tris base, 89 mM boric acid, and 2 mM NazEDTA. Sample buffer was identical but contained 20% (v/v) glycerol as well as -0.001% bromphenol blue tracking dye. Gels (24 X 14 X 0.15 cm) were loaded with 10 pg of carbohydrate/0.75-cm well and run at 100 V at room temperature until the tracking dye had migrated halfway down the gel. The gels were stained with 0.02% ruthenium red in 50% methanol to identify the sizes of oligomers that were present. A sample of dodecagalacturonic acid, a gift from M. Hahn, University of Georgia, was used for calibration of gels. QAE-Sephadex fractions containing one or two predominating oligomers of identified size (Fig.  4) were lyophilized and taken up in 20 mM MES, pH 6.5, to a concentration of 0.2 mg/ml carbohydrate and assayed for their activity in enhancing the in vitro thiophosphorylation of pp34.
PGU and PMA were prepared from acid hydrolysates of alginic acid (Sigma, from Macrocystis pyrifera) according to Haug et al. (26) except that precipitations in 0.1 M NaCl at pH 2.85 were repeated. Solutions of the polymers were treated with decolorizing charcoal and dialyzed against distilled water. The polymers were analyzed by proton-decoupled 13C NMR in solutions prepared as described by Grasdalen et al. (27) . Examination of the C-1 peaks showed that no PGU oligomers were detectable in the PMA preparation, and vice versa. The PMA preparation contained approximately 6% guluronic acid, predominantly as isolated monomers in the PMA chain. The PGU preparation contained less than 3% mannuronic acid. The average chain lengths were estimated from the areas of the C-1 and C-1 (reduced) peaks as PGU = 23.0 and PMA = 18.5. The C-1 (reduced) peaks were small, so these values were approximate. Alginic acid, the parent polysaccharide of PGU and PMA does not contain galacturonic acid.
Biological Assay of Proteinase Inhibitor Induction-Assays of proteinase Inhibitor I and I1 protein concentrations in tomato leaves were based on a previously described method (28) except that extended incubations of the plants with PGU were necessary to elicit proteinase inhibitor accumulation. 10-15-day-old tomato plants were excised and supplied with various levels of PGA, PGU, or PMA dissolved in 15 mM potassium phosphate buffer, pH 6.5, through the petioles for 30 min. Control plants were supplied only with buffers. The plants were transferred to small vials containing 10 ml of 1.5 mM potassium phosphate buffer, pH 6.5, with the oligouronide at l/lOth the original concentration, and the plants were incubated as described above for 24 h. After incubating plants under light for 24 h, juice was expressed from the leaves and assayed for proteinase inhibitors I and I1 by radial immunodiffusion (29, 30).
RESULTS
The plasma membrane preparations from both tomato and potato were similar in their contents of biochemical marker enzymes including H'-ATPase, inosine diphosphatase, cytochrome oxidase, and cytochrome reductase (Table I) . Results of these enzyme assays suggest that the plasma membrane preparations from both potato and tomato were low in contaminating endomembranes, agreeing with the results of assays with a series of ATPase inhibitors as well as other assays previously reported (18).
Several plasma membrane proteins present in the tomato and potato membranes became labeled when incubated in the presence of [y"S]ATP (Fig. 1) . The presence of PGA during in uitro thiophosphorylations of both tomato and potato plasma membranes resulted in the strongest enhancement of labeling in proteins migrating at -34 kDa (pp34, Fig. 1) . This is the same protein whose in uitro labeling by [y3'P]ATP is most strongly enhanced in both potato and tomato plasma membrane preparations in the presence of polygalacturonate (8).
Incubations of plasma membrane preparations from either potato or tomato with [y3'S]GTP resulted in low incorporation of label into membrane protein (about 7% of that incorporated from [T-~~SIATP, data not shown), and no detectable radioactivity from [ T -~~S ] G T P was found in the pp34 band region of either potato or tomato plasma membrane proteins in the presence or absence of PGA (Fig. 1) . In the absence of PGA the major protein labeled by [r-"S]GTP had an M , of -59,000 (pp59, Fig. 1 ). The labeling of this protein by [ Y -~~S ] GTP decreased in the presence of PGA. The decrease in label in pp59 in response to PGA was more pronounced in the potato membranes (Fig. 1) .
The patterns of thiophosphorylation of both pp34 and pp59 by [y"S]ATP in the presence and absence of PGA were retained after ice-cold ethanol precipitation and resuspension of potato plasma membrane proteins (Fig. 2) , although almost all other thiophosphorylated bands seen in Fig. 1 were absent from such autoradiograms. This indicated that the kinase and the resulting pp34 were among the plasma membrane-associated proteins that survived the cold ethanol precipitation.
The presence of PGA increased the incorporation of 3'S into pp34 of potato plasma membranes 2.4-fold over controls without PGA (Fig. 1) .IIn potato plasma membranes that had been precipitated with ice-cold ethanol, and resuspended before assaying, the presence of PGA resulted in a 7.6-fold increase of "S incorporation into pp34 over controls (Fig. 2) . Incorporation of 35S into the pp59 band of freshly prepared potato plasma membranes was reduced 3.3-fold in the presence of PGA (Fig. 1) . Using ethanol precipitated membranes, presence of PGA caused a 9.5-fold reduction in the incorporation of 35S into pp59 with respect to controls (Fig. 2) . It is not yet known if there is any relationship between the phosphorylation of pp34 and the decreased phosphorylation of pp59 or if any interaction between the two occurs. Ethanol precipitation of plasma membrane proteins at room temperature resulted in complete loss of detectable pp34 and pp59 thiophosphorylation (data not shown) indicating that the kinase(s) for these proteins were subject to ethanol denaturation at higher temperatures. The treatment of membranes with cold ethanol should provide a convenient first step in the isolation of both pp34 and pp59 and the associated protein kinase(s).
Comparison of the phosphoamino acids of pp34 phosphoryl- ated in the absence of PGA (Fig. 3A) with those of pp34 phosphophorylated in the presence of PGA (Fig. 3B) shows that in response to the presence of PGA during phosphorylation of pp34, 32P levels in threonine increased 11-fold and serine levels increased 1.3-fold over values for pp34 phosphorylated in the absence of PGA. This suggests that the phosphorylation of one or more threonine residues was enhanced in the presence of oligogalacturonides. Therefore, we conclude that the protein kinase responsible for phosphorylating pp34 is of the serinelthreonine class. The enhanced phosphorylation of pp34 by [T-~~SIATP in the presence of the acidic uronides and by a variety of other charged or uncharged glycans as well as by polyions confirmed the high degree of specificity of the in vitro phosphorylations in both potato and tomato plasma membranes. Among several glycans and other polyanions tested (Table 11) 
in tomato and potato plasma membranes
The following substances (0.2-0.4 pg) were incubated with plasma membrane (0.5-1 pg of protein) in the presence of adenosine 5'47-thio)triphosphate (0.1 p~) for 10 min at 30 "C. Reactions were terminated by boiling in electrophoresis sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis. Numbers represent the percent increase in pp34 thiophosphorylation, estimated by laser densitometry, in the presence of exogenous glycan or polyion. Band density of pp34 thiophosphorylated in the absence of PGA was assigned a value of 1.0 and all other numbers are normalized to this number. activity of the conformationally dissimilar polyanion PMA was very low as was xyloglucan, another polysaccharide present in plant cell walls. Two polyions tested, dextran sulfate (anionic) and chitosan (cationic, data not shown), severely inhibited incorporation of label into plasma membrane proteins, indicating that these compounds interfered with much of the plasma membrane-associated protein kinase activities. The concentration dependencies of PGA, PGU, and PMA in enhancing pp34 thiophosphorylation in potato leaf membranes are shown in Fig. 4 . The labeling of pp34 in response to PGA was greater than that in response to PGU (except on one occasion with potato plasma membrane where PGU was as active as PGA, this was not reproduced in subsequent experiments). PMA only weakly enhanced the incorporation of % into pp34, even at the highest concentrations tested. The addition of excess Ca2+ did not affect the pattern of these results, ruling out the possibility that titration of Ca2+ by the uronides was responsible for these observations (not shown).
Tomato Potato
In previous studies, only PGA and smaller oligogalacturonides had been assayed for their proteinase inhibitor inducing activities in excised tomato plants. Oligouronides of DP = 2 to higher than DP = 20 were all active inducers of the proteinase inhibitor I and I1 genes in these plants. In comparing PGA, PGU, and PMA for their abilities to induce the accumulation of proteinase inhibitor I and I1 proteins in the leaves of excised tomato plants, the respective proteinase inhibitor inducing activities of each of the three oligouronides in vivo (Fig. 5) were found to reflect their activities in in vitro thiophosphorylation assays. PGA was about twice as active as PGU in both assay systems, with PMA being only weakly active in both the in vitro phosphorylation assay and in the in vivo proteinase inhibitor inducing assay. Thus, in both assays similar structure-activity relationships between PGA, PGU, and PMA were observed.
To Galacturonic acid oligomers with DP = 2 through DP = 9, isolated by DEAE-Sephadex chromatography of the enzymic hydrolysate, were found to be totally inactive in enhancing the in vitro thiophosphorylation of pp34 (data not shown).
Galacturonic acid oligomers from DP = 10 through DP = 20 that were not separated during DEAE chromatography were pooled and refractionated by QAE-Sephadex chromatography using a very shallow gradient and analyzed by gel electrophoresis (Fig. 6 A ) . Fractions containing predominantly one to two oligomers were sized using a pure DP = 12 standard oligogalacturonide and were tested for activity in the in vitro thiophosphorylation assay. Only oligomers with a minimum DP of 14-15 were found to enhance the in vitro thiophosphorylation of pp34 (Fig. 6B) .
DISCUSSION
Oligosaccharide fragments, released from plant cell walls by polygalacturonase or pectin lyase, or from fungal cell walls by chitinase or 8-glucanase, behave as early signaling molecules that can activate a wide range of defense responses in numerous plant species (11). How these molecules interact with plant cells to effect gene activation is unknown. Reports of the presence in plasma membrane-enriched fractions of a receptor for glucan elicitors (15) have reinforced the concept that oligosaccharide signaling molecules in plants may interact with plasma membrane receptors to initiate signal transduction pathways leading to the activation of many plant defensive genes.
A PGA of defined length of DP -20 that is a potent inducer of proteinase inhibitor synthesis in plants interacts with components of the plasma membrane and modulates levels of several phosphorylated proteins in vitro (8, 18) . One of the proteins present in both tomato and potato membranes, called pp34, was selectively phosphorylated when the membranes were incubated with PGA in the presence of either [y-"P] ATP (8) tein kinase) responses in membranes to a defined plant defense signaling molecule. The phosphorylation of pp34 appears to be catalyzed by a serinelthreonine protein kinase. Phosphoamino analysis of pp34 (Fig. 3) indicated that the principle increase in 32P labeling of pp34 in response to PGA was due to phosphorylation of threonine in the protein.
Utilizing [y-"SIATP as a thiophosphate donor, several polyanions, polycations, and polysaccharides were assayed for their abilities to enhance the specific thiophosphorylation of pp34 (Table 11) . Of 13 polyions and polysaccharides tested, only two structurally related polysaccharides, PGA and PGU strongly enhanced the in vitro thiophosphorylation of pp34.
PGA and PGU are closely related structures: poly-a-1,4-Dgalacturonic acid is the mirror image of poly-a-l,4-~-guluronic acid except at the 3-hydroxyl positions, which are epimeric.
PMA, which was inactive in the in vitro assay, differs stereochemically from PGA and PGU acid at both the 2-and 4-hydroxyl positions. The difference at position 4, which links the uronic acid in the two chains in entirely different conformations, causes PMA to assume a ribbon structure that is different from the kinked structures of PGA and PGU (see below). This major conformational difference in PMA may be reflected in its apparent lack of activity.
Differential effects of PGA, PGU, and PMA were also examined in the in vivo induction of proteinase inhibitors in excised tomato leaves (Fig. 5) . The three oligouronides exhibited the same patterns of activity in inducing proteinase inhibitors in vivo as they did in the in vitro assays, PGA being the most active oligomer, PGU exhibiting about half the activity as PGA, and PMA being only weakly active. The biological assays are probably more sensitive than the in vitro phosphorylation assays and the weak activity of PMA may
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The known solution chemistry of these three polyuronide isomers provided some insights to interpreting their observed biological activities. PGA and PGU exhibit unique conformations in solution in the presence of Ca'+ that are lacking in PMA. PGA and PGU form intermolecular "egg box" complexes that bind Ca2+ very tightly as bridging ions (32). These confirmations result from the kinking of the chains due to the a-1,4 linkages involving an "up" configuration of the oxygen at position four and linked in the CY configuration at the anomeric position 1 of the adjacent uronic acid. PMA does not form these complexes since the hydroxyls at position 4 are in the "down" position and the resulting a-1,4-linked ribbon-like oligomers mentioned earlier cannot bind Ca2+ in an egg box conformation. The formation of intermolecular complexes in solution by both PGA and PGU is dependent on the DP of the uronides in the presence of saturating Ca2+.
With galacturonate oligomers the egg box structure binds Ca2+ in a very stable complex when the DP values are over 10 (32), and for PGU, above about DP = 18. The minimum size of PGA oligomers required for the strong interaction with Ca2+ is estimated to be about the same as the minimum size that has been determined to be necessary to activate several defensive and developmental responses in plants, i.e. DP = 10 (11,33). The correlation of the solution chemistry of these oligomers with their in uitro and in vivo biological activities supports a hypothesis that the formation of intermolecular complexes with Ca2+ may be necessary for their biological activities. When oligogalacturonides of varying lengths were assayed for their abilities to enhance the in vitro thiophosphorylation of pp34, oligogalacturonide oligomers from DP = 2 through DP = 9 were totally inactive in enhancing thiophosphorylation of pp34. Only oligomers with DP values of 14-15 or higher were active. While the exact minimum size of PGA required for activity is not certain, the assays indicated that oligomers of a size that complex ca'+ tightly (i.e. DP > 10) were active, while smaller oligomers that do not form the same strong complexes with Ca'+ are totally inactive in enhancing thiophosphorylation of pp34.
The differential properties of PGA, PGU, and PMA in the presence of Ca2+ in solution, the activities of these uronides in both in uiuo and in vitro assays, the size-activity relationships of PGA oligomers in several well studied localized defense and developmental responses in uiuo, and in in uitro thiophosphorylation assays, all support a hypothesis that intramolecular complexes of oligogalacturonides with Ca2+ may be important in some of the interactions of oligouronides with plant cell membranes (34). The isolation and characterization of pp34 may provide new clues to these relationships. In this regard the observation that both pp34 and pp59 and the kinase(s) that thiophosphorylates these proteins are stable to ethanol precipitation could be of considerable value in the purification of these proteins. To date, the identification of signaling pathway components in plants has not led to the identification of even one intracellular system leading to gene activation. The results presented herein provide evidence concerning the relationships of oligouronide structures and their biological activities and provide an initial conceptual framework to fashion new experimental approaches to further explore the biochemical basis of oligosaccharide signaling in plants.
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